The pressure-composition (PC) behavior of deuterium in single crystal Pd has been measured over a temperature range extending from room temperature to 393 K. These data allow the determination of (i) relative partial molar enthalpy and entropy, without the contribution of the configuration entropy, for the dilute solid solution phase, (ii) enthalpy and entropy change characterizing the a→a9 phase transformation, and (iii) Gibbs free energy loss associated with the PC thermodynamic hysteresis. Comparison of these quantities with published data for polycrystal Pd and with our own polycrystal Pd measurements show good agreement, indicating grain boundary interfaces and second phase inclusions known to exist in polycrystalline Pd do not influence these thermodynamic properties. The time dependence of deuterium absorption and desorption from the gas phase has been measured in both single and polycrystal Pd as well. The activation energy and diffusion constant of deuterium in the solid solution phase of Pd agree with published values. The time dependence of deuterium absorption and desorption within the miscibility gap are reduced by approximately two orders of magnitude compared to solid solution behavior. The two-phase kinetic data exhibit an Arrhenius behavior with a factor of two increase in the activation energy compared to diffusion. This is attributed to the phase transformation process controlling the deuterium absorption / desorption kinetic behavior when the Pd-D system is within the miscibility gap.
Introduction
behavior in Pd to date have used polycrystal material. The only exception is the work of Labes and McLellan [13] , The thermodynamic properties of the solid solution and where no obvious effect of grain boundary interfaces on two-phase regions of metal-hydrogen systems have been the Sieverts constants for the dilute Pd-H solid solution theoretically evaluated by Flanagan and co-workers [1, 2] .
phase is reported in measurements using single crystal Pd The specific properties of the Pd-H and Pd-D systems over a temperature range of 475 to 1330 K. The equilibhave been experimentally determined for the dilute, solid rium thermodynamic properties of deuterium in the solid solution (a) phase in pressure-composition-temperature solution and two-phase regions of single crystal Pd are (PCT) measurements [3] [4] [5] [6] [7] and for the a-a9 two-phase reported here. The purpose of this study is two-fold. First, region based on the van't Hoff relationship [5, 8] . Enthalpy PC isothermal measurements of single crystal Pd material and entropy values in the two-phase region for the Pd-H were required to establish the correlation between the and Pd-D systems also have been determined using phase behavior and small-angle neutron scattering meacalorimetric techniques and the van't Hoff relationship, surements [14] [15] [16] . The second purpose is to compare the respectively, at 298 [6,9] and 518 K [10] . The enthalpy and equilibrium thermodynamic properties (enthalpy, entropy, entropy values of Flanagan et al. [9] are in excellent and free energy loss of the pressure hysteresis) of singlë agreement with the results of Lasser and Klatt derived crystal Pd to that of polycrystal. In addition, kinetic data of from the van't Hoff relationship [8] . Measurements of the deuterium absorption and desorption from the gas phase diffusion of hydrogen, deuterium and tritium in the solid into and out of single crystal Pd are presented. solution phase of Pd have been performed over the last several decades [11, 12] .
To our understanding, all investigations of hydrogen
Experimental
Single crystal Pd samples were cut from a 99.999% pure The PCT measurements were performed in an all stainless steel vacuum system with two measurement 3 volumes, 533 and 704 cm . The isotherms were recorded using small, 15-20 Torr pressure changes to slowly drive each sample across the miscibility gap. The pressure was recorded using MKS Baratron capacitance manometers with full-scale ranges of either 100 or 1000 Torr. The mocouple embedded within the stainless steel mass of the sample holder, but not directly in the gas exposure volume. Experimental trials indicated the measured temperature polycrystal Pd data are in better agreement with the data of was within the thermocouple calibration accuracy (beLasser and Klatt, at least near the boundaries of the tween 1 and 28) of the true sample temperature when miscibility gap. deuterium gas was present. Only a small portion (approxi-
The PC isothermal data can be used to determine the 3 mately 50 cm ) of the total gas exposure volume was kept phase transformation enthalpy and entropy, as well as the at elevated temperature for measurements above room free energy loss within the hysteresis loop. A van't Hoff temperature. The correction to the ideal gas law in this plot, from which the phase transformation enthalpy case was insignificant. The temperature of the remaining (DH ) and entropy (DS ) are determined, for the a→a9 a→a9
gas exposure volume was controlled at 305 K. All samples single and polycrystal Pd solubility data is shown in Fig. 2 . ere pre-annealed at 450 K under a vacuum of 10 Torr The data from Lasser and Klatt [8] are shown for comfor at least 6 h before the isothermal measurements.
Results and analysis

Equilibrium solubility measurements
The measured 353 K isotherms for deuterium in single and polycrystal Pd are compared to a 353 K isotherm published by Lasser and Klatt [8] in Fig. 1 . Noticeable differences exist between the data sets. In particular, the single crystal absorption and desorption plateau pressure values are shifted downward; 490 Torr (this work) versus 606 Torr (Lasser and Klatt) during absorption and 305 Torr (this work) versus 341 Torr (Lasser and Klatt) during desorption. The single crystal desorption plateau value is in better agreement with a calculated value of 328 Torr using the data of Wicke and Nernst [17] . It is impossible to determine the origin of the different PC behaviors with the limited set of single crystal data. However, the differences are thought to be real, possibly the result of grain Table 1 and, in general, reasonable agreement is seen.
The observed time dependence of the D gas pressure 2 The free energy loss, DG , associated with the preschange, p(t), during absorption and desorption followed an loss sure hysteresis is given by [1] , exponential behavior given by, 
a R the effect to dislocation formation during the formation of incoherent phase boundaries. Since the dislocation formawhere a and R are the sample thickness and radius, tion process is irreversible, dislocations must be created respectively, and D is the diffusion coefficient. Eq. (4) is during both absorption and desorption to accommodate the the solution to Fick's second law in cylindrical geometry volume misfit of the precipitating phase, shifting both with a constant surface concentration boundary condition. pressure plateaus from the true equilibrium behavior. The This is a reasonable boundary condition since the total free energy loss within the hysteresis loop is consistent pressure change during a single absorption or desorption with the dislocation formation energy, offering indirect, measurement point was small compared to the equilibrium but not conclusive, proof that coherency loss plays this role pressure. [19] . The single crystal free energy loss is in moderate
The gas pressure time dependence recorded for small, disagreement with the two polycrystal DG values in solid solution levels of deuterium in Pd are related to the loss Table 1 . This may be an indication that the coherency loss deuterium diffusion coefficient through Eqs. (3) and (4). mechanism is altered by the sample microstructure.
Within the miscibility gap, however, diffusion is not the The deuterium solubility in the dilute, solid solution rate limiting step. Instead, the kinetics of deuterium uptake phase of Pd is given by Sieverts' law, and release are controlled by the phase transformation process. Still, even within the miscibility gap, an exponen- possibility of surface contamination build up during the 3%) is consistent with the value of 1.6310 cm s course of the solubility measurements. quoted in Ref. [20] . A significant reduction in the diffusiviAn increase in the effective diffusion coefficient is ty is observed as the system enters the miscibility gap. This observed in Figs. 3 and 4 as the miscibility gap is crossed serves to mark the phase boundary, at least on the low and the system approaches the complete deuteride phase concentration side of the miscibility gap, very well. Notice during absorption. Also notice that the effective diffusion that the magnitude of the diffusivity and overall trend in coefficient increases immediately upon first desorption for both sample types, single and polycrystal, are similar. The both single and polycrystal material. This reproducible diffusion coefficient also approaches the initial value after effect corresponds to the downward slope of the PC a complete absorption-desorption cycle. This is proof that isotherm as the system approaches the desorption pressure plateau and is coupled to the formation of small, 20 A thick plates observed during in situ small-angle neutron scattering measurements [21] . (Data during desorption were only taken at 353 K and a curve for this cannot be drawn). The diffusion constant and activation energy for both diffusion and the effective diffusion process within the miscibility gap (a→a9 transformation) are determined from these data and presented in Table 2 . 
